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Lipid peroxide-derived reactive carbonyls (RCs) can cause serious damage to plant functions. A chlo-
roplastic NADPH-dependent alkenal/one oxidoreductase (AOR) detoxiﬁes RCs, but its physiological
signiﬁcance remains unknown. In this study, we investigated the biological impacts of AOR using
an AOR-knock out Arabidopsis line (aor). Methyl viologen treatment, mainly to enhance photosys-
tem (PS) I-originated reactive oxygen species (ROS) production, caused more severe damage to aor
than wild type (Col-0). In contrast, the high light treatment used to enhance PSII-originated ROS
production resulted in no difference in PSII damage between Col-0 and aor. In conclusion, AOR
can contribute to detoxify stromal RCs produced under oxidative stress.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Reactive carbonyls (RCs), such as a,b-unsaturated carbonyls and
dialdehydes, are highly reactive compounds. The reactivity of a,b-
unsaturated carbonyls is due to the a,b-unsaturated bonds that
form Michael adducts with the thiol and amino groups of biomol-
ecules. In the case of a,b-unsaturated aldehydes and dialdehydes,
the aldehyde group contributes to the reactivity through the for-
mation of Schiff base adducts with amino groups. Therefore, RCs
are regarded as cytotoxins [1]; RCs are also cytotoxic in plants,
e.g., photosynthesis is easily inhibited by RCs treatments. Fumiga-
tion using RCs, such as acrolein and methylvinylketone, damaged
photochemical reactions [2], and enzymes in the Calvin cycle are
markedly inactivated by exogenous RCs [3].
RCs are generated by the peroxidation of polyunsaturated fatty
acids (PUFAs) [1]. Thus, in mesophyll cells, the chloroplasts are rec-
ognized as the center of RCs production. Polyunsaturated fatty
acids, such as linolenic acid (C18:3), linoleic acid (C18:2) and hexa-
decatrienoic acid (C16:3), comprise a major portion of thylakoidchemical Societies. Published by E
e oxidoreductase; DNP, dini-
uantum yield of photosystem
Da protein; PS, photosystem;
onyl; ROS, reactive oxygen
chi).membrane fatty acids [4], and the two photosystems are highly
oxidative sites, producing reactive oxygen species (ROS) [5]. In fact,
we previously showed that the major source of RCs in plants is the
PUFAs in the chloroplast membranes [6] and that a photosynthetic
protein, oxygen-evolving 33 kDa protein (OEC33), is the major tar-
geted protein in heat-stressed plants due to the binding of RCs [7].
Higher plants possess multiple classes of chloroplastic NADPH-
dependent reductases, including aldehyde reductase, aldo-keto
reductase and alkenal/one oxidoreductase, which play roles in
the detoxiﬁcation of RCs. Previously, we puriﬁed and characterized
a chloroplastic NADPH-dependent alkenal/one oxidoreductase
(AOR), a major plant enzyme in the detoxiﬁcation of RCs [8]. This
enzyme catalyzes the reduction of the a,b-unsaturated bond in
short-chain carbonyls to a saturated bond using NADPH as the
reductant (catalytic equation, R–CH@CH–CO-R0 + NADPH + H+
?R–CH2–CH2–CO–R0 + NADP+) and has the ability to detoxify the
RCs that occur in the stroma. AOR orthologs are widely distributed
among plant species [8], suggesting that the enzyme plays an
important role in the detoxiﬁcation of the RCs commonly found
in higher plants.
Although the biological impacts of RCs are supposed to be high
in the chloroplasts, the detailed mechanism of RCs production re-
mains unknown, and the contribution of AOR to RCs detoxiﬁcation
in chloroplasts has not been veriﬁed. In this study, we evaluated
the importance of AOR in oxidative stress tolerance using an
AOR-deﬁcient mutant (aor) of Arabidopsis thaliana. As a result,
the RCs generated under photooxidative conditions caused damagelsevier B.V. All rights reserved.
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Fig. 1. aor mutants were susceptible to exogenous acrolein treatments. (A) Aerial part of Col-0 and aor plants was incubated in aqueous acrolein solution in each
concentration and incubated for 2 days. (B) Col-0 (white columns) and aor plants (slashed columns) were incubated with gaseous acrolein in an airtight plastic container. The
Fv/Fm values were measured after 30 min. Error bars denote SE (n = 5). The asterisks indicate signiﬁcant differences at P < 0.05 (one asterisk) by Student’s t-test.
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stromal RCs.
2. Materials and methods
2.1. Plant materials
A. thaliana T-DNA tagged mutant, aor (AOR-knock out line,
background Col-0; CS65640 selected from SALK_064204 by RIKEN
Plant Science Center, Yokohama, Japan) was obtained from the Ara-
bidopsis Biological Resource Center (ABRC, Columbus, Ohio, USA)
[9]. Wild-type (Col-0) and aor plants were grown for 3 weeks on
Jiffy-7 (Sakata Seed Cooperation, Yokohama, Japan) in a growth
chamber (12 h of light [100 lmol photon m2 s1] 25 C, Biotron
LH-220S, Nippon Medical & Chemical Instruments Co. Ltd., Tokyo,
Japan). The maximal photochemical quantum yield of PSII (Fv/Fm)
was measured using a pulse-modulated ﬂuorometer (Junior-PAM,
Heinz Walz GmbH, Effeltrich, Germany). The electron ﬂow down-
stream of PSII was estimated by the far-red (730 nm,
820 lmol photon m2 s1)-dependent decrease rate of the chloro-
phyll ﬂuorescence.
2.2. Exogenous acrolein treatments
The effect of aqueous acrolein was examined as follows. The
aerial part of Arabidopsis seedlings was immersed in 2 ml of acro-
lein solution in a 24-well plastic plate and incubated at 25 C in
a growth chamber with a light (100 lmol photon m2 s1)/dark re-
gime 12 h/12 h. The effect of gaseous acrolein was examined as fol-
lows. Acrolein solution was absorbed to a piece of paper towel,
which was placed in an airtight plastic plant box (350 ml, Nippon
Genetics, Tokyo, Japan) containing 8–10 plants at 25 C under light
conditions (100 lmol photon m2 s1).
2.3. Oxidative stress treatments
To stimulate the production of lipid peroxides in chloroplasts,
two oxidative stress treatments were used for site-speciﬁc ROS
production (the schemes are shown in Supplementary Fig. S1A).
(i) Oxidative treatment for enhanced ROS production in PSII. PSII
is the main producer of 1O2 in chloroplasts [10,11], and the produc-
tion is enhanced under a high light intensity [5]. Arabidopsis plants
were illuminated with a metal halide lamp (LA-180Me, Hayashi
Watch-Works, Tokyo, Japan); the light intensity was determined
using a light sensor (BQM-01, LEHLE SEEDS, TX, USA). (ii) Oxidative
treatment for enhanced ROS production by PSI. PSI produces super-
oxide anion ðO2 Þ, and methyl viologen (MV) accelerates the pro-
duction of ðO2 Þ [12,13]. The aerial part of an Arabidopsis plantwas preimmersed in 2 ml MV solution in a 24-well plastic plate
for 12 h in the dark and then incubated under a light condition
(100 lmol m2 s1) or in darkness. The Rose Bengal treatment
was performed in the same manner as the MV treatment.
2.4. Carbonyl analysis
The comprehensive analysis of carbonyls was conducted by the
method of Matsui et al. [14] with slight modiﬁcation. Arabidopsis
plants (approx 100 mg) was homogenized in 2 mL acetonitrile con-
taining 5 nmol 2-ethylhexanal (as an internal standard) and 0.005%
(w/v) butylhydroxytoluene and then incubated at 60 C for 30 min
in a glass tube. After 1 ml of the extract was collected in another
glass tube, 2,4-dinitrophenylhydrazine (ﬁnal concentration of
0.5 mM) and formic acid (ﬁnal concentration 0.5 M) were added.
After an incubation at 25 C for 60 min, 1 ml saturated NaCl solu-
tion and 0.1 g NaHCO3 were added to neutralize the formic acid.
After 30 min, the upper acetonitrile layer was collected and dried
in vacuo. The residue was dissolved in 50 lL acetonitrile and ﬁl-
tered through a Cosmonice Filter (Nacalai Tesque, Kyoto, Japan),
and 10 lL aliquots were subjected to HPLC using a Wakosil
DNPH-II column (4.6  150 mm; Wako Pure Chemical, Osaka, Ja-
pan). Wakosil DNPH-II Eluents A and B (Wako) were used to sepa-
rate the compounds: 100% A (0–5min), a linear gradient from 100%
A to 100% B (5–20 min) and 100% B (20–35 min) at a ﬂow rate of
1.0 mL min1. The dinitrophenylhydrazone (DNP) derivatives of
carbonyls were detected at 370 nm. The carbonyls were identiﬁed
by their retention time, as compared with those of the DNP deriv-
atives of authentic carbonyls [14]. To determine the content of a
carbonyl (nmol g FW1) from its peak area, the ratio of the peak
area to the peak area of the internal standard was determined.
3. Results
3.1. Deﬁciency of AOR does not affect development under normal
conditions
We previously demonstrated that AOR was responsible for the
major portion of the a,b-unsaturated carbonyl-reducing activity
using NADPH as a reductant in higher plants [8]. In Arabidopsis,
one copy of the AOR gene (At1g23740) is encoded in the genome,
and the AOR protein localizes in the stroma of the chloroplasts,
thus its physiological role is assumed to be the detoxiﬁcation of
a,b-unsaturated carbonyls in the stroma to protect chloroplast
functions [8]. We obtained a T-DNA-tagged knockout line (aor,
CS65640) from ABRC and conﬁrmed that the line did not express
AOR mRNA (Supplementary Fig. S2). The AOR activity in a crude
extract of aor leaves was 0.268 nmol mim1 mg protein1, approx-
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Fig. 2. aor mutants were susceptible to MV treatment in the presence of light. Col-0 and aor were incubated in MV solution for 5 h with light (100 lmol m2 s1) (A) or
without light (B). The Fv/Fm values of Col-0 (white columns) and aor plants (slashed columns) were measured at the indicated time. The Fv/Fm values were measured after
30 min. Error bars denote ±SE (n = 12). The asterisks indicate signiﬁcant differences at P < 0.01 (two asterisks) by Student’s t-test. (C) The far-red (FR, 730 nm, 820 lmol
photon m2 s1)-dependent decrease of chlorophyll ﬂuorescence (oxidation of plastoquinone) of Col-0 (solid line) and aor (dashed line). Control plants (left panel) and MV-
treated plants (right panel). Fully reduced plastoquinone by saturated pulse was oxidized by FR, which selectively excites PSI.
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This residual activity in the aor mutant can be accounted for by
the cytosolic alkenal reductase that catalyzes the same reaction
as AOR [15,16]. No morphological difference between the aor line
and Col-0 was observed throughout their life cycles (data not
shown). The Fv/Fm values in the leaves of 3 week-old plants were
not different between Col-0 and aor, indicating that aor had not
experienced greater stress than Col-0 under our growing condi-
tions. In agreement with this result, the proﬁles of carbonyl com-
pounds were also similar between Col-0 and aor (see Fig. 3A, top
panel). These results suggest that the deﬁciency of AOR did not af-
fect development under normal conditions.
3.2. aor mutants were more highly susceptible to exogenous acrolein
treatments
We incubated Col-0 and aor plants in acrolein solutions and
then evaluated the visible damage. As shown in Fig. 1A, Col-0 tol-
erated acrolein up to 200 lM, but aor only tolerated up to 100 lM
acrolein. The observed damage included the bleaching of chloro-
phyll, indicating that the damage might be related to acrolein tol-
erance of the mesophyll cells. Next, we examined the effect of
gaseous acrolein at a moderate concentration on the photosystems.
Gaseous acrolein decreased PSII activity (Fv/Fm) after 30 min of
treatment, and the decrease was slightly more severe in aor than
Col-0 (Fig. 1B). Therefore, the effects of acrolein might be mainlyattributable to damage of the chloroplasts, and AOR might contrib-
ute to the tolerance against exogenous acrolein.
3.3. AOR-deﬁciency enhanced the susceptibility to methyl viologen
treatment
The production of RCs is thought to be enhanced under oxida-
tive stress because their major source is peroxidized PUFAs [1].
PSI produces O2 via the univalent reduction of O2 [5] (Supplemen-
tary Fig. S1A). To examine the effects of ROS production by PSI, we
treated Arabidopsis plants with MV, which is an enhancer of the
ROS produced by PSI.
Upon illumination in the presence of MV, the Fv/Fm in both the
Col-0 and aor plants decreased, and the decrease was greater in the
aor mutants (Fig. 2A). No decrease in the Fv/Fm value was observed
in the darkness (Fig. 2B). Thereafter, we employed the 1 lM MV
treatment for the stress experiment because it caused damage only
to aor and not to Col-0 (Fig. 2A). The MV treatment also damaged
the electron ﬂow downstream of PSII in the aor mutant, as deter-
mined by the decrease of the plastoquinone oxidation rate in the
MV-treated aor plants (Fig. 2C). MV treatment in the presence of
light caused the production of many types of carbonyls both in
Col-0 and aor (Fig. 3A). We identiﬁed peaks of four RCs using
authentic RC-DNP standards (labeled in chromatograms in
Fig. 3A) that are the substrates of AOR [8]. The MV treatment re-
sulted in signiﬁcantly higher increases in the concentrations of
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Fig. 3. Increase of RCs contents in Col-0 and aor treated with MV. (A) Typical chromatograms of DNP derivatives of carbonyls in Col-0 and aor. Control (top) and MV-treated
(bottom) samples are shown. Identiﬁed RCs are labeled at the top of each peak (1, methylvinylketone; 2, acrolein; 3, crotonaldehyde; 4, 3-penten-2-one). HPLC conditions are
described in Section 2, and the DNP derivatives of aldehydes were detected at 370 nm. (B) Quantiﬁcation of RCs in Col-0 (white columns) and aor (slashed columns). Error
bars denote ±SE (n = 3).
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ketones, i.e., methylvinylketone and 3-penten-2-one, were not dif-
ferent between Col-0 and aor.
3.4. AOR deﬁciency did not affect the susceptibility to high light stress
PSII is a main producer of 1O2 in chloroplasts, and its production
is enhanced under high light intensity (Supplementary Fig. S1A). To
assess the biological impact of AOR on the RCs derived from 1O2,
we analyzed the tolerance of PSII to high light treatment. Underhigh light intensity (1300 lmol m2 s1), Fv/Fm of both Col-0 and
aor decreased in the same manner (Fig. 4A). Furthermore, the Fv/
Fm values of Col-0 and aor were measured after illumination under
various light intensities, and both Col-0 and aor showed similar
patterns of PSII damage (Fig. 4B). Treatment with Rose Bengal, a
photosensitive dye producing 1O2 [17], also gave similar results
under the high light treatments (Supplementary Fig. S3).
The high light (1300 lmol m2 s1) treatment increased the
carbonyl contents, however the increase in the RCs content was
similar between Col-0 and aor (Fig. 4C), and the quantitative
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Fig. 4. Both Col-0 and aor are susceptible to high light stress. (A) Col-0 (open circle) and aor (closed circle) were illuminated with high light (1300 lmol m2 s1), and Fv/Fm
was measured at the indicated time. The Fv/Fm values were measured after 30 min. Error bars denote ±SE (n = 3). (B) Col-0 and aor were illuminated with the indicated light
intensity for 30 min, and the Fv/Fm values for the Col-0 (white columns) and aor plants (slashed columns) were measured. Error bars denote ±SE (n = 3). (C) Typical
chromatograms of DNP derivatives of carbonyls in Col-0 and aor treated with high light (1300 lmol m2 s1). Labels are the same as in Fig. 3A.
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than those caused by the MV treatment (Figs. 3A and 4C). Because
we could not recognize distinguishable difference between Col-0
and aor, we assume two possibilities for the damage of PSII by high
light stress: (1) ROS rather than the enhanced production of RCs
damages PSII and (2) RCs that are not substrates for AOR might
damage PSII.
4. Discussion
In this study, we used an AOR-knock out Arabidopsismutant and
examined the effects of oxidative treatment on the accumulation of
RCs and its associated damage by measuring PSII activity to eluci-
date the biological impact of RCs and the physiological role of AOR.
The MV-treated aor mutants were severely damaged in compari-
son to MV-treated Col-0, suggesting that AOR contributed to the
detoxiﬁcation of MV treatment-derived RCs.
The MV-mediated damage of PSII was light-dependent (Fig. 2A
and B), indicating that photochemical processes are involved in the
damage. Because the overexpression of stromal antioxidant en-
zymes alleviated MV-mediated photoinhibition, the ROS generated
on the stromal side of PSI are thought to be the major cause of oxi-
dative damage [13,18]. In our experiments, AOR deﬁciency re-
sulted in more severe photoinhibition and enhanced RCs
production, therefore, the ROS generated by PSI after MV treatment
is likely to be involved in the production of RCs.
A number of carbonyls, including RCs, were produced in the
MV-treated Arabidopsis (Fig. 3A). Among them, acrolein accumu-
lated in aor to signiﬁcantly higher levels than those in Col-0. Small
a,b-unsaturated aldehydes easily diffuse throughout the chloro-
plasts and denature both stromal and thylakoid proteins throughthe formation of RCs adducts [6,7]. Thus, we concluded that the en-
hanced damage of photosystem observed in the aormutant treated
with MV was due to the enhanced accumulation of a,b-unsatu-
rated aldehydes.
The stroma contains multiple RCs scavengers other than AOR.
The nucleophilic tripeptide glutathione is involved in the detox-
iﬁcation of RCs, forming adducts through the Michael reaction
[1]. Aldehyde groups are also targets of detoxiﬁcation because
aldehydes are proteotoxic chemicals that form adducts via the
Maillard reaction. Higher plants, including Arabidopsis, contain
other classes of chloroplastic NADPH-dependent reductases, such
as aldehyde reductases and aldo–keto reductases [8], which are
involved in the detoxiﬁcation of aldehydes produced by the per-
oxidation of PUFAs through the reduction of aldehyde groups.
Taken together, the cooperative detoxiﬁcation of RCs by multiple
enzymes in the stroma is an important system because stromal
enzymes are also targets of RCs because RCs, especially 2-alke-
nals, inactivated multiple enzymes in the Calvin cycle [3]. In
addition, the effect of RCs is thought to extend to whole cells
[15], thus the stromal detoxiﬁcation system might contribute
intracellular homeostasis.
PSII is responsible for producing ROS. Thus, we compared the
tolerance to high light stress between Col-0 and aor, and observed
no signiﬁcant difference (Fig. 4). Because ROS is generated in the
center of PSII, in contrast to the case of PSI [5], the ROS generated
by PSII might directly damage PSII components rather than perox-
idizing the PUFAs around PSII. In addition, the lumenal side of PSII
is likely to be the major site affected by peroxidized PUFAs because
a lumenal protein, OEC33, is most frequently modiﬁed by RCs [7].
Being localized in the stroma, the AOR enzymemight not be able to
suppress the levels of RCs in the lumen.
Y. Yamauchi et al. / FEBS Letters 586 (2012) 1208–1213 1213In conclusion, the RCs levels under normal conditions are kept
at lower concentrations without the contribution of AOR, probably
due to the lower production of ROS in the photosystems. However,
the increased ROS production under oxidative stress increases the
RCs levels, causing the inactivation of the photosystems. Thus, AOR
contributes to the detoxiﬁcation of stromal RCs produced under
oxidative stresses.
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